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The bases for understanding the neuronal mechanisms that underlie the control of reach-to-14 grasp movements among nonhuman primates, particularly macaques, has been widely studied. 15 However, only a few kinematic descriptions of their prehensile actions are available. A thorough 16 understanding of macaques' prehensile movements is manifestly critical, in light of their role in 17 biomedical research as valuable models for studying neuromotor disorders and brain mechanisms, 18 as well as for developing brain-machine interfaces to facilitate arm control. This article aims to 19 review the current state of knowledge on the kinematics of grasping movements that macaques 20 perform in naturalistic, semi-naturalistic, and laboratory settings, to answer the following questions: 21 Are kinematic signatures affected by the context within which the movement is performed? In what 22 ways is kinematics of humans' and macaques' prehensile actions similar/dissimilar? Our analysis 23 reflects the challenges involved in making comparisons across settings and species due to the 24 heterogeneous picture in terms of the number of subjects, stimuli, conditions, and hands used. The 25 kinematics of free-ranging macaques are characterized by distinctive features that are exhibited 26 neither by macaques in laboratory setting nor human subjects. The temporal incidence of key 27 kinematic landmarks diverges significantly between species, indicating disparities in the overall 28 organization of movement. Given such complexities, we attempt a synthesis of extant body of 29 evidence, intending to generate some significant implications for directions that future research 30 might take, to recognize the remaining gaps and pursue the insights and resolutions to generate an 31 interpretation of movement kinematics that accounts for all settings and subjects. 32 33 naturalistic setting, as this body of evidence can operate as a sort of referential platform, enabling us 48 to identify the grip types that primates can, theoretically, learn and perform in a laboratory setting. 49 We then plan to move onto an examination of the kinematics of those reach-to-grasp movements 50 that are employed to manipulate objects of different sizes and shapes, at various distances, in 51 naturalistic, semi-naturalistic, and laboratory settings. Studies that examine hand shaping by 52 analyzing the distance between the thumb and the index finger, and derivatives of that method (i.e. 53 the two-digit approach; e.g., Jeannerod 1984) , as well as multi-digit grasping (e.g. Santello and 54 Soechting 1998) will be reviewed. The article also aims to compare the body of evidence that exists 55 for macaques to the evidence developed with regard to humans. Each section starts with a brief 56 summary of the primary results obtained from human subjects, for a specific experimental 57 manipulation; the summary is intended to function as a reference point for the research on 5 (iv) The power grip (Fig. 1d) , hereafter referred to as "PoG", is characterized by five parallel 84 fingers wrapped, in the shape of a fist, around an object, often a larger one than the other grips can 85 negotiate. 86 Together, these four grip types account for approximately 70% of simple grips (typically, a 87 simple grip is used to grasp a single object, while a complex grip involves the application of 88 multiple grips to one or more objects at the same time) that macaques use (MacFarlane and   89 Graziano, 2009). Because kinematic studies have not paid substantial attention to the side grip or 90 the thumb-to-second/third grip, these two grips will not be subject to explicit examination in the 91 sections of the manuscript that follow. semi-naturalistic and experimental settings, such as those outlined below (see Table 1 ). 101 102 ---Insert Table 1 about here ---103   104 The kinematics of reach-to-grasp movements presented for all the naturalistic studies has 105 been generated via digitalization techniques using video footage of these primates in their natural 106 habitat, spontaneously reaching to grasp objects (e.g., Sartori et al. 2013a ). The kinematics of the 107 macaque's prehension, in the semi-naturalistic setting, was reconstructed from three-dimensional 108 (3D) video images (Christel and Billard 2002) . Behavioral and neurophysiological studies 6 examining macaques' upper limb kinematics in a laboratory setting, where the animal was 110 constrained in a primate chair, used optoelectronic techniques (e.g., Roy et al. 2000) . We did not 111 consider psychophysical investigations which (i) were restricted to the reaching component, (ii) 112 show poor temporal resolution (Fogassi et al. 2001; Gardner et al. 1999) , along with those that (iii) 113 considered the stages of the prehension task but did not report on specific parameters (Chen et al. A direct comparison between humans and macaques: a semi-naturalistic study 119 To our knowledge, only one study has been designed with the aim of directly comparing the 120 kinematics of prehensile actions in macaques and to those in humans. Here, the macaques' 121 movements were recorded in a semi-naturalistic setting (Christel and Billard 2002) . The macaques 122 studied were free-ranging, within a relatively large area in their normal habitat, spontaneously 123 performing PG movements in a quadrupedal stance or in a sitting or squatting position, with the arm 124 either flexed or stretched. The human participants were, instead, seated at a table and instructed to 125 carry out similar tasks that involved grasping small pieces of food, using a precision grip. To 126 reproduce the time constraints that impact the macaques' response to group competition, a 127 metronome was introduced, to pace the human participants' movements. The investigators reported 128 that, whereas the macaques were faster than the humans, during the reaching phase, they moved at a 129 similar pace to the humans during retrieval. The monkeys were able to execute their movements worthwhile attempt to identify the interspecies differences and similarities, it should here be noted 153 that the stimuli used in this study (i.e., raisins and peanuts) varied with regard to the motivational 154 status they would be assigned by macaques and humans, respectively. In fact, macaques are used to 
The Effects of Object Size

171
The reach-to-grasp literature on humans demonstrates consistency across studies with regard 172 to results such as a longer movement duration, a prolonged arm deceleration (i.e., the time from 173 peak velocity to the movement's end), a lower arm peak velocity amplitude, and a predictably With the foregoing details in mind, it is worth noting that a naturalistic study, by Sartori and 178 colleagues (2013a), examining macaques employing PG movements to grasp small objects and PoG 179 movements to grasp large ones (Fig. 3a) , reported that each type of movement was characterized by 180 a specific kinematic signature that mirrored human data. Movements toward smaller objects led to a 181 prolonged movement duration, relative to movements toward larger objects. The deceleration time 182 was longer for the small objects, relative to the larger ones, whereas the peak velocity amplitude 183 was higher for larger objects than for smaller objects (Fig. 3b) . The latency of peak velocity did not 184 differ, with respect to object size. The grasping component was characterized by a maximum grip 185 aperture, smaller and attained earlier for smaller objects, relative to larger ones (Fig. 3c) . Turning to 186 the laboratory setting, Fogassi and colleagues (1991) examined the kinematics of one macaque, 9 trained to reach for and grasp either a large or a small cylinder, using a PoG and a PG, respectively. in the latency of peak velocity, with respect to object size (Fig. 3e ) and the amplitude of maximum 192 grip aperture increased with object size (Fig. 3e) as found by Fogassi and colleagues (1991). 193 However, by contrast to findings related to the unconstrained actions of macaques (Sartori et al., 194 2013a), in humans (e.g., Gentilucci et al., 1991) and findings of the experimental study by Fogassi 195 and colleagues (1991), object size influences neither the amplitude of the velocity peak nor the time 196 at which maximum grip aperture occurred. In particular, for one monkey (of the three tested), the amplitude, together with a delayed amplitude of maximum grip aperture for objects that are farther 212 away, relative to objects in closer proximity Jakobson and Goodale, 1991) .
10
A naturalistic study, by Sartori et al. (2013b) , evaluated macaques grasping objects located 214 at various distances (Fig. 5a ). Although the total duration of the movements and the time of the 215 peak wrist velocity did not differ significantly across the three distances considered, there was a 216 higher peak velocity amplitude for movements performed to secure more distance with respect to 217 closer objects (Fig. 5b) . The data demonstrate a strong correlation between distances and peak 218 velocities (Fig. 5c ). In accordance with the 'isochrony principle' (Viviani and McCollum 1983 objects were at the same distance from the home pad (Fig. 5d) . The study's most salient finding was 246 that movements toward objects on the left took significantly longer than those directed to either the 247 right or toward the central object. The differences between the movements directed to the right and 248 to the central objects were minor and attained statistical significance in only one monkey.
249
Corresponding with an increase in movement times for leftward-directed movements, grasping for 250 leftward objects was characterized by smaller velocity peaks, with respect to movements rightward 251 or the center (Fig. 5e ). The impact of object location on the time to maximum grip aperture was 252 homogeneous across the studied monkeys ( 
The Effects of Speed
290
When human beings rush to execute rapid reach-to-grasp movements, they open their hands 291 more widely than they do when moving at a natural speed, thereby increasing their tolerance for 13 positioning errors that derive from the higher wrist variability (Wing et al. 1986) . A greater hand 293 aperture represents an error-compensating adjustment, to avoid a collision of the thumb or fingertip 294 with the object in question. 295 Monkeys' activities, as they snatch food items from one another (i.e., snatching condition) 296 or in the absence of competition or threats from rivals (i.e., unconstrained condition) have been 297 compared to characterize the impact of speed on the kinematics of prehensile actions (Sartori et al. 298 2015). The type of action (snatching vs. unconstrained) affected both the reaching and the grasping 299 components of the movements (Figs. 7a,b) . In terms of movement time, snatching movements 300 required less time than unconstrained movements. Wrist peak velocity was higher and manifested 301 earlier for snatching movements than for unconstrained movements. Further, during the 302 deceleration phase, a break-point, generally occurring at 80% of the way through the movement's 303 duration, was only observed among those in the snatching condition (Fig. 7a) . The break-point 
Selective Grasping
320
Although many different objects are present in a visual field, information specific to just one 321 of these objects uniquely determines the spatiotemporal coordinates of the endpoint of a reaching 322 gesture, which include orientation, aperture of the hand, etc. This leaves us with a question, 323 however: Are, the other objects, each of a distinctive size, shape, color and weight, motorically 324 represented? As the hand is clearly able to (and does) move around and/or above irrelevant objects, 325 such objects are certainly represented internally. To wit, when a target object is not alone, but rather 326 flanked by other objects, is the information related to and available from the flankers overlooked? 327 In humans, information from even irrelevant objects influences motor outputs (Castiello 1999; Tipper 328 et al. 1998). For instance, when grasping a large target, flanked by an object suitable to a small 329 grasp, the amplitude of the maximum hand aperture is smaller than it would have been had the 330 target been presented alone (Castiello 1996) . The inverse occurred when grasping a small object, 331 flanked by a large one. For another example, if an object is close to target, whether it is an obstacle 332 or not, it renders the reaching trajectory toward the target wider and higher (Tipper et al. 1997 ).
333
A naturalistic study conducted by Sartori et al. (2014b) investigated macaques grasping 334 objects in two situations: in the first, the grasped object was located to the monkey's left (Fig. 8a) or 335 its right (Fig. 8b) , and no other objects were within reaching distance; in the second, the grasped 336 object, either to the right or to the left, was flanked by other objects located to the monkey's right 337 and within reaching distance (Fig. 8c, d ). The hand aperture correlated with the size of the object in 338 the absence of any other potentially distracting objects in the vicinity. To wit, the maximal hand 339 aperture was significantly smaller for the smaller objects than for large ones, and vice versa (control 340 conditions in Fig. 8e ; please refer to the 'the effects of object size' section). The study's most 341 important finding was that, in the other situations, where the target object was not alone, but rather In another naturalistic study (Bulgheroni et al. 2017 ), macaques were observed as they 352 reached for an object (i) when no other objects were in the vicinity (Figs. 8a,b) , (ii) when a nearby obstacle, the arm trajectory was higher, relative to the no-obstacle-condition (Fig. 8f) . When a 361 nearby object was present but represented no real impediment, maximum trajectory was higher, as 362 in the presence of a real obstacle (Fig. 8f) . These findings suggest that, the presence of a nearby 363 object, whether it is actually an obstacle or not, renders the reaching trajectory toward the target 364 wider and higher. The type of representation invoked by the nearby object(s) contains information 365 about the action that it/they prompt(s), and this information is nested within the one programmed 366 for the target object. Monkeys are sensitive to non-goal-related-targets' motoric features, given their 367 potential role as targets capable of triggering action. As the results presented here exactly mirror 368 those obtained in studies of humans (Castiello 1996 (Castiello , 1999 Tipper et al. 1997 Tipper et al. , 1998 , free-ranging 369 macaques and humans appear to share a number of kinematic features and neural responses, with regard to the selection mechanisms linked to action control (Allport 1987 The Effects of End Goal In macaques, this issue has been tackled only in one neurophysiological study conducted by 392 Bonini and colleagues (2012). They assessed possible kinematical differences between conditions 393 where the monkey grasped-to-eat or grasped-to-place different target objects (i.e., pieces of food or 394 metallic objects), using different types of grip (Fig. 9a) . The study focused on two primary 395 parameters: the maximal distance between the tip of the thumb and the index finger, and the peak 396 wrist tangential velocity. The study results revealed that hand aperture and peak wrist velocity were 397 not significantly different when the monkey executed a grasp-to-eat motion or a grasp-to-place motion concerning piece of food (Fig. 9b,c) . However, peak wrist velocity was significantly higher 399 when the monkey executed a grasp-to-place motion on a piece of food, rather than on a metallic 400 object. Although some differences concerning the end-goal, at the level of the reaching component, 401 might suggest that, like humans, macaques program their movements differently, pursuant to an 402 end-goal, the heterogeneity of the dependent measures and conditions tested in the two species 403 make it advisable to be cautious about drawing any firm conclusion on the matter. The Multi-digit Approach 408 The laboratory studies examined in this section all focused on simultaneous motion, at the joints of 409 all five digits, during reach-to-grasp movements. In these studies, dimensionality-reducing In one study (Mason et al. 2004 ), macaques performed sensorily-or visually-cued reach-to-416 grasp tasks, where the size, shape, and orientation of the objects varied (see Fig. 10a ). The wrist-417 speed profile was bell-shaped for the reaching component, and the divergence in hand paths, at the 418 end of the reaching movement, depended on the orientation of the hand preparing to grasp the 419 object. Hand shaping was initiated at the beginning of the reaching movement and continued 420 throughout, trying to match object properties, even when the primate was unable to see either the 421 hand or the object (Fig. 10b) . Two synergies identified via PCA were determined to account for were found to move with a stereotyped temporal profile coupled across the fingers. As such, a 428 temporal coordination of individual finger seems to be embedded in the overall hand-shaping 429 synergies. These findings suggest that a control strategy simplifying grasping uses stereotypic 430 timing for finger movements, relying on amplitudes to match an object's properties. As the 431 temporal evolution of finger movements is stereotypic and tightly coordinated, the motor system 432 varies the amplitude of the finger movements to achieve the desired hand shape. That the timing of 433 the fingers' inflection points was stereotypic and tightly coupled means that the fingers moved 434 together with the spatiotemporal unity required to shape the hand preparing to grasp an object. The Confirmation that grasp shapes for an object during reach is a process that may be mediated 438 by dedicated grasping synergy derives from studies that used instrumented gloves, rather than three- the shoulder to the digits, followed by a phase driven by object effects at the level of joint angles 495 distal to the shoulder. The effects, relative to the interaction between location and object, were 496 rather small. Whereas location did not influence grasp shape, the object influenced the reach 497 trajectory. These findings suggest that controlling reach-to-grasp movements develops via two 498 sequential phases: a first phase, concerned with the arm bringing the hand toward the object; and a 499 second phase, shaping the arm/hand ensemble to grasp and manipulate the object. A pause occurred 500 in many joint angles, at the time of the transition from one phase to another. These pauses might be 501 indicative of a shift from an initial phase that guides the extremity to the intended location, to a 502 subsequent phase that prepares the extremity for grasping and manipulating the intended object.
503
These observations are consistent with human studies by Jeannerod (1984 Jeannerod ( , 1986 
Conclusions
507
First and foremost, an inspection of Table 2 seems to confirm the existence of some 508 similarities between macaques and humans, when certain conditions for a comparison are met. For 509 instance, macaques tested in both naturalistic and behavioral laboratory settings seem to modulate 510 the kinematics according to object size, as humans do. However, the information depicted in Figure   511 4 suggests that this might not be the case, and that a certain degree of caution should be used when 512 declaring similarities. Here, the temporal distribution of key kinematic variables reveals interspecies 513 differences. To wit, both humans and macaques modulate temporal aspects of kinematics depending 514 on object properties, but in some cases, the form of such modulation differs. When we inspect the 515 time of the maximum aperture for the grasping component and the time of peak velocity for the 516 reaching component, with respect to the object size, the results for macaques examined in different 517 settings are scattered, diverging from the human data (Fig. 4) . Rather, a similarity across species 518 emerges, as far as object distance is concerned. The time to peak velocity takes a similar percentage 519 of movement time for macaques in naturalistic setting as it does for humans. Overall then, it would 520 seem that the mode of timing the kinematic patterning, related to the intrinsic (i.e., size) and 521 extrinsic (i.e., location) properties of objects adheres to different rules for macaques acting in 522 different settings than for humans. This is an important issue because the incidence of these 523 measures is an essential condition for a successful reach-to-grasp movement. The very fact that 524 such timing varies across settings and species is suggestive of the existence of diverse modes for 525 programming the action. This aspect it is also important because it seems that even though humans 526 and macaques mobilize similar neural structures for reaching to grasp, this may not translate into 527 macaques and humans sharing conceptual motivation for movement beyond the purely 528 physiological trait. In other words, that they use the same neural structures does not mean that both 529 species motorically interpret their perceptions (of objects and context) in the same way. would also be a relevant aspect for comparing macaques' and humans' movements, given that 546 macaques move much more quickly than humans do and that their mode of organizing reach-to-547 grasp movements may present some peculiarities, as reported above (i.e., isochrony, break point).
548
Continuing forth from this analysis, it is notable that choosing a grip does not depend exclusively 549 on the visual properties of the target object, but rather on the environment within which the action hand (Westergaard and Suomi 1996) or the left hand (Westergaard et al. 1997 ).
592
These considerations should be taken into account, when interpreting the studies cited in this 593 review. In the majority of studies, the researchers measured the exemplars' hand performance 594 during task execution, without any consideration of individual differences in hand preference or, 595 more importantly, differences between humans and non-human primates, in terms of population-596 level motor bias. For example, the right hand has been measured in the majority of naturalistic and 597 behavioral laboratory (although the left hand was blocked) studies adopting the two-digit approach. 
